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In Brief
ATRX is frequently lost in cancer cells that
use ALT to maintain telomeres.
Ramamoorthy and Smith show that,
without ATRX, the histone variant
macroH2A1.1 prevents tankyrase 1 to
resolve sister telomere cohesion. Forced
resolution of sister telomere cohesion
induces genomic instability and impairs
cell growth.
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http://dx.doi.org/10.1016/j.ccell.2015.08.003SUMMARYThe chromatin-remodeler ATRX is frequently lost in cancer cells that use ALT (alternative lengthening of telo-
meres) for telomere maintenance, but its function in telomere recombination is unknown. Here we show that
loss of ATRX suppresses the timely resolution of sister telomere cohesion that normally occurs prior to
mitosis. In the absence of ATRX, the histone variant macroH2A1.1 binds to the poly(ADP-ribose) polymerase
tankyrase 1, preventing it from localizing to telomeres and resolving cohesion. The resulting persistent
telomere cohesion promotes recombination between sister telomeres, while it suppresses inappropriate
recombination between non-sisters. Forced resolution of sister telomere cohesion induces excessive
recombination between non-homologs, genomic instability, and impaired cell growth, indicating the
ATRX-macroH2A1.1-tankyrase axis as a potential therapeutic target in ALT tumors.INTRODUCTION
The unlimited replicative capacity of human tumor cells relies on
their ability to counteract the progressive loss of telomeric DNA
that accompanies cell division. Eighty-five to ninety percent of
human cancers achieve this by upregulating expression of telo-
merase, the enzyme that adds telomere repeats to chromosome
ends by reverse transcription of an RNA template (Greider and
Blackburn, 1985; Kim et al., 1994). The remaining 10% to 15%
of cancers activate ALT (alternative lengthening of telomeres) a
recombination-basedmechanism that extends telomere repeats
using a telomeric DNA template (Bryan et al., 1997; Henson and
Reddel, 2010). ALT cells exhibit significantly elevated rates of
telomere sister-chromatid exchange (T-SCE) compared to SCE
rates elsewhere in the genome. (Bechter et al., 2003; London˜o-
Vallejo et al., 2004). Such an increase is not observed in telome-
rase-positive tumor cells, suggesting that ALT cells have lost the
capacity to suppress homologous recombination at telomeres.Significance
Cancer cells achieve immortality by upregulating telomerase o
recombination-based mechanism. Because ALT is activated in
mechanism to anti-telomerase therapies, it is an important targ
is frequently lost in ALT, but its function in telomere recombinat
the timely resolution of sister telomere cohesion that normall
cohesion promotes chromatid exchange between sister telom
tween non-sisters. Forced resolution of cohesion unleashes ex
ing a therapeutic strategy for ALT tumors.
CanDespite a large body of evidence indicating that hyperactive
recombination underlies ALT, the mechanism that leads to acti-
vation of ALT is not known.
Recent studies revealed ATRX (a-thalassemia/mental retarda-
tion X-linked) as the protein most frequently lost in ALT tumors
and ALT cell lines (Bower et al., 2012; Heaphy et al., 2011a,
2011b; Jiao et al., 2011; Lovejoy et al., 2012). ATRX is a SWI/
SNF-like chromatin remodeler that has been implicated in
a range of nuclear functions including gene expression, DNA
replication, and histone variant deposition (Clynes et al., 2013;
Ratnakumar and Bernstein, 2013). ATRX, along with its binding
partner, the histone chaperone DAXX, is required for incorpora-
tion of the histone variant H3.3 into chromatin (Drane´ et al.,
2010; Lewis et al., 2010). Mutations in DAXX and H3.3 are also
found in ALT tumors (Heaphy et al., 2011a, 2011b; Jiao et al.,
2011), strongly implicating the ATRX-DAXX-H3.3 histone depo-
sition pathway in ALT. Additionally, loss of some other aspect
of ATRX function is probably important because ALT cells canr by activating ALT (alternative lengthening of telomeres), a
10%–15% of human tumors and it may provide an adaptive
et for anticancer strategies. The chromatin-remodeler ATRX
ion is unknown. Here we show that loss of ATRX suppresses
y occurs prior to mitosis. The resulting persistent telomere
eres, while it suppresses inappropriate recombination be-
cessive recombination and impairs ALT cell growth, suggest-
cer Cell 28, 357–369, September 14, 2015 ª2015 Elsevier Inc. 357
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Figure 1. ATRX Is Required for Resolution of Sister Telomere Cohesion
(A and B) FISH analysis of non-ALT (A) and ALT (B) mitotic cells with a 16ptelo probe (green).
(C) Quantification of the frequency of mitotic cells with cohered telomeres. Average of two independent experiments (n = 50–99 cells each) ± SEM.
(D) Immunoblot analysis of transfected U2OS cell extracts and (as a control for ATRX protein) HeLa cell extracts; * indicates the ATRX specific band.
(E) FISH analysis of vector or ATRX-transfected U2OS mitotic cells with a 16ptelo probe (green).
(F) Quantification of the frequency of mitotic cells with cohered telomeres. Average of two independent experiments (n = 50–53 cells each) ± SEM.
(G) Immunoblot analysis of siRNA-treated HeLa cell extracts.
(H) FISH analysis of GFP or ATRX siRNA-treated HeLa mitotic cells with a 16ptelo probe (green).
(I) Quantification of the frequency of mitotic cells with cohered telomeres. Average of three independent experiments (n = 34–64 cells each) ± SD.
(legend continued on next page)
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harbor mutations in both ATRX/DAXX and H3.3 (Schwartzen-
truber et al., 2012). In contrast to its positive role in histone depo-
sition, ATRX was found to act as a negative regulator of histone
variant macroH2A incorporation into chromatin (Ratnakumar
et al., 2012). Despite the absence of a clear mechanism for how
loss of ATRX contributes to ALT, changes in chromatin organiza-
tion and histone deposition are likely contributors (O’Sullivan and
Almouzni, 2014). Consistent with this notion, a recent study
demonstrated that depletion of the histone chaperone ASF1 led
to induction of the ALT pathway (O’Sullivan et al., 2014).
Mammalian telomeres rely on the six subunit shelterin complex
tomediate the specializedmechanisms required for their replica-
tion (Gilson and Ge´li, 2007; Stewart et al., 2012) protection (Palm
and de Lange, 2008), and cohesion (Canudas et al., 2007; Canu-
das and Smith, 2009). Sister chromatids are cohered from the
time of their replication in Sphase until their separation atmitosis.
Cohesion between sister chromatids provides a template for
recombination and repair during and after DNA replication in S
and G2 phases of the cell cycle (Sjo¨gren and Nasmyth, 2001).
Telomere cohesion ismediated by the cohesin subunit SA1 along
with the shelterin subunits TRF1 and TIN2 (Canudas et al., 2007;
Canudas and Smith, 2009; Remeseiro et al., 2012). Cohesion is
particularly important at telomeres, which (due to their repetitive
G-rich nature) pose extra burdens for the DNA replication ma-
chinery (Gilson and Ge´li, 2007; Sfeir et al., 2009). The long length
of ALT cell telomeres combined with other unique features, such
as variant repeats that may not recruit sufficient shelterin (Cono-
mos et al., 2012; Varley et al., 2002), exacerbate replication prob-
lems, but it is not known if ALT cells use specializedmechanisms
of cohesion to counter difficulties in telomere replication.
Resolution of telomere cohesion requires the TRF1-binding
PARP, tankyrase 1 (Dynek and Smith, 2004). Tankyrase 1
PARsylates itself and TRF1 (Smith et al., 1998). Tankyrase 1 lo-
calizes to telomeres in late G2/early mitosis to resolve telomere
cohesion (Bisht et al., 2012, 2013). In tankyrase-1-depleted
mitotic cells, sister telomeres remain cohered despite normal
resolution of sister chromatid arms and centromeres (Dynek
and Smith, 2004). Cells entering mitosis with cohered telomeres
undergo a prolonged anaphase, but ultimately exit mitosis (Kim
and Smith, 2014). Sister telomere cohesion can be rescued by
wild-type but not PARP dead tankyrase 1, indicating that a
PARsylation dependent remodeling of telomeres is required
(Bisht et al., 2013). Telomere cohesion is resolved prior tomitosis
in normal human cells and telomerase positive cancer cells (Dy-
nek and Smith, 2004; Hsiao and Smith, 2009), but the timing has
not been investigated in ALT cells. Herein, we analyze the timing
of telomere resolution and determine its impact on telomere
recombination in ALT cancer cells.
RESULTS
ATRX Is Required to Resolve Sister Telomere Cohesion
To determine the cohesion status of sister telomeres in ALT cells,
we performed fluorescence in situ hybridization (FISH) using(J) Immunoblot analysis of siRNA treated HeLa cell extracts.
(K) FISH analysis of the indicated double siRNA-treated HeLa mitotic cells using
(L) Quantification of the frequency of mitotic cells with cohered telomeres. Avera
(A, B, E, H, and K) DNA was stained with DAPI (blue). Scale bars represent 5 mm
Cansubtelomere specific probes. Cells were isolated by mitotic
shake-off, fixed, and stained with a subtelomere probe 16p. As
shown in Figure 1A, telomeres of telomerase-positive (non-
ALT) tumor cells (HTC75 and HeLa) appear as doublets, indi-
cating resolution of telomere cohesion. In contrast, in ALT tumor
cells (U2OS, GM847, and VA13) telomeres appear as singlets,
indicating cohered telomeres in mitosis (Figures 1B and C).
Similar results were obtained for 13q and 4P subtelomere probes
(Figures S1A and S1B). The observed persistent cohesion was
unexpected because ALT cells contain similar levels of tankyr-
ase 1 as telomerase-positive cells (see Figure 2E for example).
Hence, we wondered if ALT cells might be deficient in other fac-
tors required to resolve telomere cohesion. Because loss of
ATRX is a hallmark of ALT (Bower et al., 2012; Lovejoy et al.,
2012), we asked if its reintroduction would restore resolution of
telomere cohesion. Indeed, shown in Figures 1D–1F, expression
of ATRX in ALT cells resolved the persistent telomere cohesion.
To determine if ATRX was required for resolution of cohesion
in non-ALT cells, we depleted it from HeLa cells using siRNA.
As shown in Figures 1G–1I for 16p (and in Figures S1C and
S1D for 13q), ATRX depletion led to persistent telomere cohe-
sion in mitosis. Because this is the same phenotype observed
upon tankyrase 1depletion (Dynek and Smith, 2004; Hsiao and
Smith, 2009), we performed double depletion analysis to deter-
mine if ATRX and tankyrase 1 act in the same pathway. Depletion
of tankyrase 1, ATRX, or the two together, led to a similar persis-
tent telomere cohesion phenotype (Figures 1J–1L). The absence
of an additive effect in the double knockdown suggests that
ATRX and tankyrase 1 act in the same pathway.
MacroH2A1.1 Is a Common Binding Partner between
Tankyrase 1 and ATRX
We considered the possibility that tankyrase 1 and ATRX
might associate indirectly through a common partner. We
found (among the list of known ATRX-binding proteins) a plau-
sible candidate, macroH2A1.1 (see schematic in Figure 2A).
MacroH2A is a histone variant comprised of an N-terminal
H2A-like domain and a C-terminal PAR-binding macro domain
(Cantarin˜o et al., 2013; Gamble and Kraus, 2010). It is found as
three isoforms (macroH2A1.1, 1.2, and 2), but only one
macroH2A1.1 (by virtue of an alternative splice) binds PAR (Kus-
tatscher et al., 2005; Timinszky et al., 2009). The soluble pool of
macroH2A was found to be associated with ATRX, which binds
to the N-terminal H2A domain of all three isoforms (Ratnakumar
et al., 2012). Because tankyrase 1 exists as an autoPARsylated
protein in vivo (Cook et al., 2002; Smith and de Lange, 2000),
we asked if macroH2A1.1 could serve as a common binding
partner between ATRX and tankyrase 1.
First, we asked if macroH2A1.1 binds tankyrase 1 in vivo.
As shown in Figure 2B, transfected myc-epitope-tagged
macroH2A1.1 (but not macroH2A1.2) coimmunoprecipitated
endogenous tankyrase 1 from HeLa cells. To determine if the
interaction required the PARmodification on tankyrase 1, immu-
noprecipitation analysis was performed on U2OS cells stablya 16ptelo probe (green).
ge of two independent experiments (n = 49–51 cells each) ± SEM.
. **p% 0.01, ***p% 0.001, Student’s unpaired t test. See also Figure S1.
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Figure 2. MacroH2A1.1 Is a Common Partner of ATRX and Tankyrase 1 that Mediates Telomere Cohesion in ALT Cells
(A) Schematic diagram of macroH2A1.1 as a common binding partner between ATRX and tankyrase 1 (TNKS1).
(B) Immunoblot analysis of transfected HeLa cell extracts following immunoprecipitation with anti-myc antibody.
(C) Immunoblot analysis of transfected U2OS cell extracts following immunoprecipitation with anti-flag antibody.
(D) Immunoblot analysis of U2OS cell extracts following immunoprecipitation with anti-TNKS1 antibody.
(E) Immunoblot analysis of the indicated cell extracts.
(F) Immunoblot analysis of the indicated cell extracts following immunoprecipitation with IgG or anti-TNKS1 antibody.
(G) Immunoblot analysis of transfected U2OS cells immunoprecipitated with anti-myc antibody.
(H) Telomeric DNA ChIP analysis of HeLa cells transfected with vector, macroH2A1.1, or macroH2A1.2 using the indicated antibodies.
(I) Quantification of the signal intensity of telomeric DNA immunoprecipitated by TNKS1 antibody. Average of two independent experiments ± SEM.
(legend continued on next page)
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expressing flag-tankyrase 1.WT or PARP-dead (PD) transfected
with myc-macroH2A1.1 or 1.2. As shown in Figure 2C, coimmu-
noprecipitation required the PARP activity of tankyrase 1 and
occurred only with the macroH2A1.1 isoform, consistent with
PAR-mediated binding. Coimmunoprecipitation analysis of the
endogenous proteins further demonstrated a robust interaction
between tankyrase 1 and macroH2A1 in U2OS cells (Figure 2D).
We next asked if the interaction between tankyrase 1 and
macroH2A1.1 was unique to ALT cells. Immunoblot analysis
showed that (unlike ATRX) macroH2A1.1 (as well as tankyrase 1)
were found in both ALT and telomerase-positive cells (at varying
levels) (Figure 2E). For comparative immunoprecipitation anal-
ysis, we selected three cell lines in which the endogenous levels
of macroH2A1.1 (and tankyrase 1) were similar: VA13, GM847,
and HTC75. Immunoprecipitation of tankyrase 1 yielded coim-
munoprecipitation of macroH2A1.1 from ALT cells (GM847 and
VA13), but not from non-ALT (HTC75) cells (Figure 2F), consis-
tent with the notion that loss of ATRX in ALT cells rendered
macroH2A1.1 available to bind tankyrase 1. Reintroduction
of ATRX into ALT cells reduced the level of endogenous
macroH2A1.1 that coimmunoprecipitated with endogenous
tankyrase 1 (Figures S2A and S2B) and effectively competed
with endogenous tankyrase 1 for binding to overexpressed
macroH2A1.1 (Figure 2G). Together these studies suggest that
loss of ATRX in ALT cells frees macroH2A1.1 to interact with
tankyrase 1.
To directly measure the impact of excessmacroH2A1 on tank-
yrase 1, we overexpressed macroH2A1.1 or macroH2A1.2 in
HeLa cells and measured tankyrase 1 localization and function
at telomeres. We showed previously using telomere chromatin
immunoprecipitation analysis (ChIP) that tankyrase 1 localized
to telomeres in G2/M phase of the cell cycle to resolve cohesion
(Bisht et al., 2012). We thus asked if overexpression of
macroH2A1.1 would affect this localization. As shown in Figures
2H and 2I, macroH2A1.1 (but not macroH2A1.2) led to a reduc-
tion in tankyrase 1 on telomeres. Telomere FISH analysis indi-
cated that this reduction of tankyrase 1 at telomeres resulted
in a concomitant block in resolution of sister telomere cohe-
sion (Figures 2J and 2K). Together these data suggest that
macroH2A1.1 sequesters tankyrase 1, preventing its localization
to and function at telomeres. Consistent with this notion, deple-
tion of macroH2A1.1 in GM847 ALT cells led to resolution of
persistent telomere cohesion (Figures 2L and 2M).
Persistent Telomere Cohesion Controls Recombination
in ALT Cells
If, as our data suggest, tankyrase 1 in ALT cells is unavailable
to resolve telomere cohesion due to its sequestration by
macroH2A1.1, then overexpression of tankyrase 1 should rescue
the persistent telomere cohesion phenotype. We used lentiviral
infection to generate U2OS cell lines stably expressing a vector,(J) FISH analysis of vector-, macroH2A1.1-, or macroH2A1.2-transfected HeLami
bar represents 5 mm.
(K) Quantification of the frequency of mitotic cells with cohered telomeres. Avera
(L) Immunoblot analysis of GM847 ALT cells following infection with GFP or mac
(M) Quantification of the frequency of mitotic cells with cohered telomeres from
(n = 50 cells each) ± SEM. *p% 0.05, **p% 0.01, Student’s unpaired t test.
See also Figure S2.
Canflag-tankyrase 1.WT or tankyrase 1.PD and subjected them to
telomere FISH analysis (Figures 3A–3C). Overexpression of
tankyrase 1.WT, but not PD, rescued persistent sister telomere
cohesion in ALT cells. To determine if loss of telomere cohesion
influenced the high rate of telomere sister chromatid exchange
(T-SCE) that is a feature of ALT (Bechter et al., 2003; London˜o-
Vallejo et al., 2004), cells were subjected to CO-FISH analysis
(Bailey et al., 2001). As shown in Figures 3D and 3E, overexpres-
sion of tankyrase 1.WT (but not PD) reduced the frequency of
T-SCE, indicating that sister telomere cohesion regulates telo-
mere recombination in ALT cells.
To determine if loss of telomere cohesion per se leads to
reduced T-SCE, we took a different approach to resolve the
persistent telomere cohesion in ALT cells. Previous studies
showed that depletion of the shelterin subunit TIN2 or the cohe-
sion subunit SA1 (but not SA2) prevented establishment/mainte-
nance of sister telomere cohesion in HeLa cells (Canudas et al.,
2007; Canudas and Smith, 2009). We thus depleted these pro-
teins in U2OS ALT cells with siRNA, isolated cells by mitotic
shake off and analyzed telomere cohesion with a 16p probe (Fig-
ures 3F–3H). Depletion of TIN2 or SA1 rescued the persistent
cohesion in ALT cells. Furthermore, CO-FISH analysis revealed
a concomitant reduction in T-SCE (Figures 3I and 3J), similar
to what was observed above for tankyrase 1 overexpression.
Together, these data show that persistent telomere cohesion in
mitosis promotes sister telomere recombination in ALT cells.
Resolution of Sister Telomere Cohesion Leads to
Increased Inter-telomeric Copying
We observed a negative effect of tankyrase 1 overexpression on
ALT cell growth. To analyze growth, U2OS cells were infected
with tankyrase 1 lentiviruses, selected with puromycin, and the
cell number determined on days 1 through 5. As shown in Fig-
ure 4A, tankyrase 1.WT (but not PD) showed no growth in the first
4 days. Many cells died following lentiviral infection and the sur-
viving cells grew slowly, but ultimately recovered after 7–10 days
of selection. Similar effects were observed in other ALT cell lines
(VA13 and GM847, Figures S3A and S3B), but not in HeLa cells
(Figure 4B), suggesting that forced resolution of telomere cohe-
sion was detrimental to ALT cell growth.
We considered the possibility that upon resolution, freed sister
telomeres would be available to invade non-sister telomeres.
Studies in ALT cells showed that a telomere can copy a telomere
of a non-homologous chromosome (Dunham et al., 2000) and
studies in telomerase-negative mouse tumor cells demonstrated
subtelomere copying of a non-homologous chromosome (Mor-
rish and Greider, 2009). To assay for inter-telomere copying,
we looked for an increase in the number of 16p subtelomere
loci in tankyrase 1 overexpressing U2OS cells. As shown in Fig-
ures 4C and 4D, whereas control cells never showed more than
two sets of 16p loci, 8% of tankyrase 1.WT cells displayed threetotic cells with a 16ptelo probe (green). DNAwas stained with DAPI (blue). Scale
ge of two independent experiments, (n = 41–53 cells each) ± SEM.
roH2A1 shRNA lentiviruses.
16p FISH analysis of mitotic cells. Average of two independent experiments
cer Cell 28, 357–369, September 14, 2015 ª2015 Elsevier Inc. 361
DC
B
%
 m
ito
tic
 c
el
ls
 w
ith
 s
in
gl
et
s
20
40
0
50
10
30
TNKS1: Vec      WT       PD
ECS
-T
hti
w
sd
n
e
%
10
20
0
25
5
15
TNKS1: Vec    WT     PD
TNKS1: Vec    WT    PD
TNKS1-
tubulin-
EA
Vector
TNKS1.WT
TNKS1.PD
Vector
TNKS1.WT
TNKS1.PD
  siRNA: GFP   SA1 TIN2   SA2
SA1-
TIN2-
SA2-
tubulin-
GFP
TIN2
SA1
SA2
10
20
0
25
5
15
siRNA: GFP TIN2   SA1   SA2
I
H
GF J
GFP
TIN2
SA1
SA2
%
 m
ito
tic
 c
el
ls 
wi
th
 s
in
gl
et
s
20
40
0
50
10
30
siRNA:  GFP TIN2   SA1   SA2
*
**
* *
********
ECS
-T
hti
w
sd
n
e
%
Figure 3. Resolution of Telomere Cohesion Represses Sister Telomere Recombination in ALT Cells
(A) Immunoblot analysis of U2OS cells stably expressing vector, TNKS1.WT, or TNKS1.PD.
(B andC) FISH analysis of mitotic cells with a 16ptelo probe (B, green) and quantification of the frequency of mitotic cells with cohered telomeres (C) of U2OS cells
stably expressing vector, TNKS1.WT, or TNKS1.PD. DNA was stained with DAPI (blue). Scale bar represents 5 mm. Average of two independent experiments
(n = 49–51 cells each) ± SEM.
(D and E) CO-FISH analysis of metaphase spreads probed with TTAGGG (red) and CCCTAA (green) (D) and quantification of the frequency of T-SCE (E) from
vector-, TNKS1.WT-, or TNKS1.PD-expressing U2OS cells. DNA was stained with DAPI (blue). Scale bar represents 10 mm. Inset scale bar represents 2 mm.
Average of two independent experiments (n = 684–1338 chromosomes each) ± SEM.
(F) immunoblot analysis of U2OS cells transiently transfected with GFP, TIN2, SA1, or SA2 siRNA.
(G and H) FISH analysis of mitotic cells with a 16ptelo probe (green) (G) and quantification of the frequency of mitotic cells with cohered telomeres (n = 50 cells) (H)
of U2OS cells transiently transfected with GFP, TIN2, SA1, or SA2 siRNA. DNA was stained with DAPI (blue). Scale bar represents 5 mm.
(I and J) CO-FISH analysis of metaphase spreads probed with TTAGGG (red) and CCCTAA (green) (I) and quantification of the frequency of T-SCE (J) of U2OS
cells transiently transfected with GFP, TIN2, SA1, or SA2 siRNA. DNA was stained with DAPI (blue). Scale bar represents 10 mm. Inset scale bar represents 1 mm.
Average of two independent experiments (n = 733–824 chromosomes each) ± SEM. *p% 0.05, **p% 0.01, ****p% 0.0001 Student’s unpaired t test.sets of 16p loci, suggesting that the 16p subtelomere was being
copied to another chromosome. To determine if this copying
could be detected as an overall increase in telomeric DNA, we362 Cancer Cell 28, 357–369, September 14, 2015 ª2015 Elsevier Inperformed telomere restriction fragment analysis and observed
a slight increase in size and intensity of the telomere signal in
tankyrase 1.WT cells (Figure S3C).c.
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Figure 4. Resolution of Telomere Cohesion
Impairs Cell Growth and Induces Inter-telo-
mere Recombination in ALT Cells
(A and B) Growth curves of U2OS (A) and HeLa
(B) cells infected with vector, TNKS1.WT, or
TNKS1.PD lentivirus. Average of three technical
replicates ± SD.
(C) Example of a TNKS1.WT overexpressing U2OS
cell with three 16p loci assayed by FISH with a
16ptelo probe (green). DNA was stained with DAPI
(blue). Scale bar represents 5 mm.
(D) Quantification of the frequency of mitotic cells
with three 16p telomeric loci. Average of two in-
dependent experiments (n = 49–51 cells each) ±
SEM. *p% 0.05 students unpaired t test.
(E) Schematic representation of the tagged U2OS
cell line.
(F) Detection of lacO tags by immunofluorescence
with anti-GFP antibody of F6B2(U2OS-3lacO)/
GFPLacI cells expressing vector, TNKS1.WT, or
TNKS1.PD. Scale bar represents 5 mm.
(G) Quantification of the frequency of cells with the
indicated number of tags. Average of two inde-
pendent experiments (n = 25 cells each) ± SEM.
See also Figure S3.To better measure intertelomeric copying, we sought to follow
the fate of a tagged telomere. For this, we used a U2OS cell line
(F6B2) harboring three stable integrations of bacterial lac oper-
ator (lacO) repeats directly adjacent to the 6q, 11p, and 12q
telomeres (Jegou et al., 2009). Expression of a GFP-LacI fusion
protein depicts the lacO tags (see schematic in Figure 4E).
F6B2(U2OS-3lacO)/GFPLacI cellswere infectedwith lentiviruses
expressing a vector control, tankyrase 1.WT, or tankyrase.PD,
grown under selection for 7–10 days with puromycin, and
analyzed for the number of lacO tags (Figures 4F and 4G). Control
cells generally displayed three tags. A small fraction had four to
five tags. Tankyrase 1.WT cells showed a dramatic increase in
telomere tags: a 4-fold increase in cells with four to five tags
anda10-fold increase in cellswithmore than five tags. Tankyrase
1.PD cells were similar to the control, indicating that the increase
in inter-telomere copying was dependent on the PARP domain.
Measurement of DNA content by FACs analysis indicated that
the increase in lacO tags in tankyrase 1.WT cells was not due to
an increase in ploidy (Figure S3D).
The MacroH2A-Binding Domain of ATRX Regulates
Telomere Recombination
Our data suggest that persistent sister telomere cohesion serves
an essential role in regulating recombination in ALT cells and
further that loss of ATRX (a hallmark of ALT), frees macroH2A1.1
to sequester tankyrase 1 and prevent it from resolving sister telo-
mere cohesion. Thus, introduction of the macroH2A1.1-binding
domain of ATRX should recapitulate the effects seen with over-
expression of tankyrase 1 (described above). Previous studies
mapped themacroH2A1.1-binding domain to the first 841 amino
acids of ATRX (Ratnakumar et al., 2012). First, we asked if this
domain was able (like full-length ATRX, see Figure 2G) to
compete with tankyrase 1 for macroH2A1.1 binding. Indeed,
expression of ATRX.1-841 into U2OS cells effectively competed
with tankyrase 1 for binding to macroH2A1.1 (Figure 5A). To
determine if this domain was sufficient to rescue persistent telo-Canmere cohesion, U2OS cells were transiently transfected with
ATRX.1-841, isolated by mitotic shake-off, and analyzed by
FISH with a 16p probe. As shown in Figures 5B and 5C,
ATRX.1-841 rescued persistent telomere cohesion. To deter-
mine the impact of ATRX on ALT cell growth, U2OS cells were
infected with ATRX.1-841 or vector control lentiviruses, selected
with puromycin, and the cell number determined on days 1
through 5. As shown in Figure 5D, ATRX.1-841 impaired cell
growth. A similar effect was observed in ALT GM847 cells (Fig-
ure S4A), but a lesser effect in non-ALT HeLa cells (Figure S4B).
Next, we sought to further delimit the macroH2A-binding
domain in ATRX. The N terminus of ATRX contains an ATRX-
DNMT3-DNMT3L (ADD) domain between amino acids (aa) 162
and 292 that binds histone H3 N-terminal tails (Dhayalan et al.,
2011; Iwase et al., 2011) and is required for ATRX localization
to heterochromatin. Coimmunoprecipitation analysis of deletion
constructs shows that themacroH2A.1 binding activity resides in
a domain (aa 322–841) of ATRX that is distinct from the ADD
domain (Figure 5E). FISH analysis of transiently transfected
GM847 ALT cells showed that expression of ATRX.322-841, is
sufficient to resolve telomere cohesion (Figures 5F and 5G)
and to rescue persistent telomere cohesion induced by ATRX
siRNA in HeLa cells (Figures S4C and S4D).
Moreover, expression of ATRX.322-841 (like tankyrase 1 over-
expression) led to a reduction in the frequency of T-SCE,
measured by CO-FISH analysis (Figure 5H) and to an increase
in intertelomere copying, as measured by the number of 16p
subtelomere loci per cell (Figures 5I and 5J). Thirty percent of
ATRX.322-841 transfected cells versus 9% of control cells dis-
played four or more sets of 16p loci, indicating inter-telomeric
copying. To confirm that the increase in loci was telomere-spe-
cific, we performed FISH analysis with a dual probe against the
subtelomere and arm of the same chromosome (13q). As shown
in Figures 5K and 5L, we observed an increase in 13q telo (but
not arm) loci, consistent with intertelomeric copying. Metaphase
spread analysis shows that the extra 13q telo signals induced bycer Cell 28, 357–369, September 14, 2015 ª2015 Elsevier Inc. 363
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Figure 5. TheMacroH2A-Binding Domain of ATRX Induces Resolution of Telomere Cohesion and Inter-telomere Recombination in ALTCells
(A) Immunoblot analysis of transfected U2OS cell extracts following immunoprecipitation with anti-myc antibody.
(B) FISH analysis of mitotic U2OS cells transfected with vector or ATRX.1-841 using a 16ptelo probe (green). DNA was stained with DAPI (blue). Scale bar
represents 5 mm.
(C) Quantification of the frequency of mitotic cells with cohered telomeres. Average of two independent experiments (n = 25–50 cells each) ± SEM.
(D) Growth curves of U2OS cells infected with vector or ATRX.1-841 lentivirus. Average of three technical replicates ± SD.
(E) Immunoblot analysis of transfected GM847 cell extracts following immunoprecipitation with anti-myc antibody.
(F) FISH analysis of mitotic GM847 cells transfected with vector or ATRX.322-841 with a 16ptelo probe (green). DNA was stained with DAPI (blue). Scale bar
represents 5 mm.
(G) Quantification of the frequency of mitotic cells with cohered telomeres. Average of two independent experiments (n = 50 cells each) ± SEM.
(H) Quantification of the frequency of T-SCE fromCO-FISH analysis ofmetaphase spreads fromU2OS cells stably expressing vector and ATRX.322-841. Average
of two independent experiments (n = 124–638 chromosomes each) ± SEM.
(I) Example of an ATRX.322-841 overexpressing GM847 cell with four 16p loci assayed by FISH with a 16ptelo probe (green). DNA was stained with DAPI (blue).
Scale bar represents 5 mm.
(J) Quantification of the frequency of mitotic cells with more than three 16p telomeric loci. Average of two independent experiments (n = 50 cells each) ± SEM.
(legend continued on next page)
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ATRX are located at chromosome ends and further that the extra
13q telo signals are not accompanied by extra 13q arm signals
and hence, are not due to endoreduplication or aneuploidy
(Figure S4E). We also measured the impact of ATRX expression
using the lacO tag assay. F6B2(U2OS-3lacO) cells were tran-
siently transfected with GFPLacI and FlagATRX.322-841 or
FlagATRX.1-321 (as a control) and Flag-expressing cells were
scored for lacO tags. As shown in Figures 5M and 5N,
FlagATRX.1-321 (which does not bind macroH2A1.1) had no ef-
fect and was similar to vector control (see Figure 4G), whereas
ATRX.322-841 induced copying of the lacO telomere tags.
Similar results were obtained by expression of full-length ATRX
(Figures S4F and S4G). Finally, consistent with the notion that
ATRX induces telomere copying by binding and sequestering
macroH2A1.1, we found that depletion of macroH2A1.1 led to
a decrease in T-SCE (measured by CO-FISH) (Figure S4H) and
induced intertelomere copying shown by an increase in 16p telo-
mere loci (Figures S4I and S4J) and an increase in lacO telomere
tags (Figures S4K and S4L).
Loss of Telomere Cohesion Leads to Rampant,
Immediate Inter-telomere Recombination
In the experiments described above, inter-telomere copying was
detected within a very short time (only 18 hr after transfection
with ATRX), suggesting a rapid induction of recombination.
This prompted us to evaluate the immediate impact of sister telo-
mere resolution (induced by tankyrase 1 overexpression) on telo-
mere tag copying. Rather than analyzing F6B2(U2OS-3lacO)/
GFPLacI selected cells 7–10 days after lentiviral infection (as
shown in Figure 4), cells were infected and analyzed (without se-
lection) on Days 1, 2, 3, and 4 for lacO tags. We found an imme-
diate, dramatic effect. As shown in (Figures 6A and 6B), on Day 1
nearly 60% of tankyrase-1-overexpressing cells (compared to
0% of control cells) had more than five lacO tags, indicating an
initial burst of telomere copying immediately following tankyrase
1 overexpression. The frequency of lacO tags declined gradually
over the next 2–4 days (Figure 6C and Figure S5A), as did the
levels of tankyrase 1 protein (Figure S5B), suggesting that cells
could not survive the rampant telomere copying induced by
tankyrase 1 overexpression. FACs analysis indicated no cell
cycle arrest, just a slight increase in the S and G2/M populations
on Day 1 (Figure S5C) (consistent with increased recombination)
and annexin V staining showed a 3-fold increase in apoptosis
(Figure S5D) in tankyrase-1-overexpressing cells.
Consistent with an increase in recombination, we observed a
2-fold increase in RAD51 (a marker for homologous recombina-
tion) foci on Day 1 that gradually declined over Days 2–4 (Figures
6D and 6E). To determine if the recombination that was un-
leashed by tankyrase 1 (and resolution of telomere cohesion)
was dependent on RAD51, we used the small molecule RAD51(K) Dual FISH analysis of mitotic GM847 cells transfected with vector or ATRX.32
(blue). Scale bar represents 5 mm.
(L) Quantification of the frequency ofmitotic cells withmore than two 13q telo and a
(M) Immunofluorescence analysis of analysis of lacO tags in F6B2(U2OS-3lacO)
represents 5 mm.
(N) Quantification of the frequency of cells with the indicated number of tags. Av
**p% 0.01, ***p% 0.0001, ****p% 0.0001, Student’s unpaired t test.
See also Figure S4.
Caninhibitor RI-1 (Budke et al., 2012). As shown in Figures 6F
and 6G, RI-1 prevented induction of RAD51 foci in tankyrase-
overexpressing U2OS cells and it blocked tankyrase-1-induced
recombination (measured by lacO tags) in F6B2(U2OS-3lacO)/
GFPLacI cells (Figures 6H and 6I). Interestingly, a recent study
demonstrated that RAD51 was required for interchromosomal
homology searches initiated by damaged telomeres in ALT cells
(Cho et al., 2014). Our results show that RAD51 is required for
interchromosomal copying of tagged telomeres induced by
loss of sister telomere cohesion.
Finally, to determine if this recombination affected genome
stability, cells were analyzed for the presence of micronuclei.
As shown in Figures 6J and 6K, we observed a 3-fold increase
in micronuclei on Day 2 in U2OS (and in U2OS lacO/GFPLacI
cells; Figure S5E) that follows the burst of recombination on
Day 1 and remains elevated over Days 3 and 4.
DISCUSSION
Loss of ATRX is a hallmark of ALT cells. Our studies have uncov-
ered a critical role for loss of ATRX in suppressing resolution of
sister telomere cohesion. In ALT cells (in the absence of
ATRX), tankyrase 1 is bound by macroH2A1.1 and thereby pre-
vented from resolving telomere cohesion. When ATRX is intro-
duced into ALT cells, it binds macroH2A1.1, freeing tankyrase
1 to resolve cohesion (seemodel in Figure 7A). In ALT cells, sister
telomeres remain cohered into mitosis. Under these conditions
the sister telomere is the favored copy template and cells un-
dergo high rates of T-SCE. Upon forced resolution of sister telo-
mere cohesion (by introduction of ATRX, overexpression of tank-
yrase 1, or depletion of macroH2A1.1) sister telomeres are freed
from each other and any telomere can be the copy template (see
model in Figure 7B). Hence, persistent telomere cohesion serves
a critical dual role in ALT; it promotes recombination between
sister telomeres that is important for DNA repair and telomere
maintenance, while it prevents excessive recombination be-
tween non-sister telomeres that is detrimental to cell growth.
Previous studies show that ALT cell telomeres copy DNA from
telomeric templates; copying of subtelomeres was not detected
(Dunham et al., 2000). This copying occurs at low frequency; it is
detected by analyzing cells carried for multiple generations. The
copying that we observe here, upon forced resolution of cohe-
sion, differs from the normal ALT cell copying in at least two
ways: it occurs between sub telomeres and it occurs rapidly,
within 18–24 hr of overexpression of tankyrase 1 or introduction
of ATRX. Interestingly, copying of subtelomeres has been
observed previously at high frequency, not in ALT cells, but in
cells from late-generation telomerase null mouse Emmyc+
tumors with short telomeres (Morrish and Greider, 2009). The
authors suggest that degradation of short telomeres into2-841 with a 13qtelo (green) and arm (red) probe. DNA was stained with DAPI
rm loci. Average of three independent experiments (n = 11–26 cells each) ± SD.
cells transfected with GFPLacI and ATRX.1-321 or ATRX.322-841. Scale bar
erage of two independent experiments (n = 25 cells each) ± SEM. *p% 0.05,
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Figure 6. Resolution of Telomere Cohesion
Leads to Immediate Rampant Recombina-
tion and Genomic Instability
(A and B) Detection of lacO tags by immunofluo-
rescence with anti-GFP antibody (A) and quantifi-
cation of the frequency of cells with the indicated
number of tags (B) in F6B2(U2OS-3lacO)/GFPLacI
cells following infection with vector or TNKS1.WT
lentivirus on Day 1. Scale bar represents 5 mm.
Average of two independent experiments (n = 25
cells each) ± SEM.
(C) Quantification of the frequency of F6B2
(U2OS-3lacO)/GFPLacI cells following infection
with vector or TNKS1.WT lentivirus displaying
more than 5 tags on days 1–4. Average of
two independent experiments (n = 25 cells
each) ± SEM.
(D and E) Detection of RAD51 foci by immuno-
fluorescence analysis on Day 1 (D) and quantifi-
cation of the frequency of cells displaying more
than 10 RAD51 foci on days 1–4 (E) in U2OS cells
following infection with vector or TNKS1.WT
lentivirus. Scale bar represents 10 mm. Average
of two independent experiments (n = 100 cells
each) ± SEM.
(F and G) Detection of RAD51 foci by immuno-
fluorescence analysis (F) and quantification of the
frequency of cells displaying more than 10 RAD51
foci (G) in U2OS cells on Day 1 following infec-
tion with TNKS1.WT lentivirus. Cells were treated
with RAD51 inhibitor RI-1 for 8 hr prior to
harvest. Scale bar represents 10 mm. Average of
two independent experiments (n = 100 cells
each) ± SEM.
(H and I) Detection of lacO tags by immunofluo-
rescence with anti-GFP antibody (H) and quantifi-
cation of the frequency of cells with the indicated
number of tags (I) in F6B2(U2OS-3lacO)/GFPLacI
cells on Day 1 following infection with TNKS1.WT
lentivirus. Cells were treated with RAD51 inhibitor
RI-1 for 8 hr prior to harvest. Scale bar represents
10 mm. Average of two independent experiments
(n = 25 cells each) ± SEM. *p % 0.05 Student’s
unpaired t test.
(J and K) Detection of micronuclei by immunofluorescence staining with DAPI on Day 2 (J) and quantification of the frequency of micronucleation events on days
1–4 (K) in U2OS cells following infection with vector or TNKS1.WT lentivirus. Scale bar represents 10 mm. Average of two independent experiments (n = 100 cells
each) ± SEM.
See also Figure S5.subtelomeres could lead to strand invasion and copying. Simi-
larly, we suggest that ALT cell telomeres, which can be very short
as evidenced by chromosome ends with no detectable telomere
signal (Henson et al., 2002), could (upon forced resolution of
cohesion) become available to invade and copy subtelomeres
of other chromosomes.
ATRX affects tankyrase 1 function and sister telomere cohe-
sion through its macroH2A binding domain, which is distinct
from its ADD, DAXX binding, and ATPase domains. While the
DAXX/H3.3 axis of ATRX is most strongly implicated in ALT,
the observation that some ALT tumors have mutations in both
ATRX and H3.3 (the cargo of DAXX deposition), points to a
role for ATRX in addition to its DAXX/H3.3 histone chaperone
function. Moreover, ALT is usually accompanied by the absence
of detectable levels of ATRX protein, even without obvious
changes in the ATRX gene (Bower et al., 2012; Heaphy et al.,366 Cancer Cell 28, 357–369, September 14, 2015 ª2015 Elsevier In2011a; Lovejoy et al., 2012). This might be explained by the
need to lose the N-terminal macroH2A-binding domain to pro-
mote persistent telomere cohesion. We speculate that elimina-
tion of at least two axes of ATRX may be required for ALT. Loss
of the ATRX-DAXX-H3.3 axis could lead to epigenetic changes
at telomeres that render them permissive for recombination,
while at the same time loss of the ATRX-macroH2A1.1-tank-
ryase axis would be essential to control the hyper recombina-
tion phenotype.
Despite the mounting evidence linking ATRX to ALT, the
crucial demonstration of a causal role for ATRX in activation
of ALT has not been reported. Indeed, knockdown of ATRX in
HeLa cells or SV40 immortalized BJ fibroblasts was not suffi-
cient to convert them to the ALT cell state (Lovejoy et al.,
2012; O’Sullivan et al., 2014). However, it is possible that the
sequence of events required for ALT activation was notc.
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Figure 7. Model for the Role of Persistent
Telomere Cohesion in ALT
(A) Loss of ATRX in ALT frees macroH2A1.1 to
bind and sequester tankyrase 1, thereby prevent-
ing resolution of sister telomere cohesion. When
ATRX is reintroduced into ALT cells, it binds
macroH2A1.1, freeing tankyrase 1 to resolve telo-
mere cohesion.
(B) When telomeres are cohered, the sister telo-
mere is the favored copy template. Upon forced
resolution of telomere cohesion in ALT cells (by
introduction of ATRX, overexpression of tankyrase
1, or depletion of macroH2A1.1), any telomere can
be the copy template.recapitulated in these experiments. Loss of ATRX may be
required as an early event, prior to transformation. Interestingly,
persistent telomere cohesion in mitosis (like the kind reported in
this study) has also been observed in aging human fibroblasts in
culture just prior to senescence (Kim and Smith, 2014; Ofir et al.,
2002; Yalon et al., 2004). Although the mechanism is not known,
(it could be due to reduction of ATRX or to other changes that
influence telomere cohesion), it raises the possibility that the
precondition of persistent telomere cohesion might favor activa-
tion of the ALT pathway over upregulation of telomerase during
tumorigenesis. This could be tested by using human fibroblasts
with persistent telomere cohesion (generated by ATRX or tank-
yrase 1 depletion) as a starting point for SV40 transformation
and asking if ALT is then the preferred choice for telomere
maintenance.
Our observation that restoring normal resolution of telomere
cohesion to ALT cells leads to genomic instability and impaired
cell growth suggests an opportunity for ALT cell-specific tumor
therapy. We demonstrated restoration of telomere cohesion by
introduction of either full-length ATRX or (with similar efficiency)
the macroH2A-binding domain of ATRX. Surprisingly, although
the ATRX and tankyrase binding domains of macroH2A1.1 are
distinct, we found that binding of ATRX to macroH2A1.1 led to
release of tankyrase 1, suggesting that ATRX binding might
induce a conformational change in macroH2A1.1 that releases
tankyrase 1. Hence, it will be important to further define the
macroH2A-binding domain of ATRX with the potential goal of
identifying a peptide or small molecule that can bind to
macroH2A1.1 and free tankyrase 1 to resolve cohesion. Another
target could be the PAR-binding domain of macroH2A1.1. Here,
structural studies have already elucidated the binding of NAD+
metabolites such as ADP-ribose and O-acetyl-ADP-ribose (Kus-
tatscher et al., 2005), raising the possibility that small molecules
that disrupt the interface betweenmacroH2A1.1 and PARsylated
tankyrase 1 can be identified.
The notion that the ALT cell phenotype is driven by a recombi-
nation-based mechanism was well established. However, what
was heretofore unappreciated was the level to which that recom-Cancer Cell 28, 357–369, Sbination would occur if it were not
restrained by persistent telomere cohe-
sion. Our demonstration—that forced
resolution of sister telomere cohesion
can unleash the hyper-recombinationand promote ALT cell death—suggests a viable ALT-specific
anti-cancer strategy.
EXPERIMENTAL PROCEDURES
Cell Lines
ALT cancer cell lines (U2OS,WI38-VA13/2RA [VA13], andGM847) and telome-
rase-positive cancer cell lines (HeLa1.2.11 [van Steensel et al., 1998] and
HTC75 [van Steensel and de Lange, 1997]) were grown under standard condi-
tions. F6B2 is a neomycin-resistant U2OS cell line that has three stably inte-
grated lacO arrays directly adjacent to the telomeres of chromosomes 6q,
11p, and 12q (Jegou et al., 2009) and was a gift from Karsten Rippe. The
F6B2(U2OS-3lacO)/GFPLacI cell line was generated by transfection of F6B2
with a GFPLacI plasmid, p30ss-gfp-Lac-NLS (Robinett et al., 1996). Cells
were selected with 75 mg/ml hygromycin and surviving clones were propa-
gated by alternating weekly growth in 75 mg/ml hygromycin and 750 mg/ml
G418.
Where indicated, RAD51 inhibitor RI-1 (Selleckchem) was dissolved in
DMSO and added to the culture medium 8 hr prior to harvest at a final concen-
tration of 20 mM.
Lentiviral Infection
Lentiviruses were produced by transfection of 293FT (Invitrogen) packaging
cells with a three-plasmid system as described previously (Naldini et al.,
1996; Zufferey et al., 1997). 293FT cells were seeded in a 6-cm dish at 1.2 3
106 cells and 24 hr later were transfected with 1 mg lentiviral vector, 1 mg
pCMVDR.89 packaging plasmid, and 100 ng pMD.G envelope plasmid using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Lentiviral supernatants were collected at 48 hr after transfection, filtered with a
0.45 mm filter (Millipore), and frozen at80C. Twenty-four hours before infec-
tion, target cells were seeded at a density of 2.2 3 105. Target cells were
infected for 48–72 hr with lentiviral supernatants supplemented with 8 mg/ml
polybrene (Sigma-Aldrich). Cells were sub-cultured 1:2 into medium contain-
ing 2 mg/ml puromycin and upon confluence (approximately 48 hr later) were
designated as population doubling (PD) 0. For tankyrase 1.WT cells confluence
(PD 0) was reached in 7–10 days and cells continued to grow slowly, but even-
tually recovered at around PD2. For macroH2A1 shRNA, cells were subcul-
tured into medium containing 2 mg/ml puromycin and harvested for analysis
24 hr later.
For growth curve analyses, target cells were infected for 48–72 hr, sub-
cultured 1:2 into medium containing 2 mg/ml puromycin, and grown for
48 hr. Cells were counted and plated into six wells in medium containing
2 mg/ml puromycin. The next day (day 0) cells were harvested and counted us-
ing a haemocytometer and used to normalize the number of cells plated. Cellseptember 14, 2015 ª2015 Elsevier Inc. 367
were then harvested and counted every 24 hr over the next 5 days. Cell
numbers were calculated as a ratio of the day 0 counts.
For the time course analysis, target cells were infected for 48–72 hr, sub-
cultured 1:2 into medium containing 2 mg/ml puromycin, and grown for
24 hr. Cells were seeded into medium without puromycin on coverslips (for
immunofluorescence) and in wells (for FACS and for Annexin V staining) and
analyzed every 24 hr for the next 4 days.
Chromosome-Specific FISH
Cells were fixed and processed as described previously (Dynek and Smith,
2004). Briefly, cells were isolated by mitotic shake-off, fixed twice in metha-
nol:acetic acid (3:1) for 15 min, cytospun (Shandon Cytospin) at 2,000 rpm
for 2 min onto slides, rehydrated in 23 SSC at 37C for 2 min, and dehydrated
in an ethanol series of 70%, 80%, and 95% for 2 min each. Cells were
denatured at 75C for 2 min and hybridized overnight at 37C with subtelo-
meric FITC-conjugated (16ptelo, 13qtelo, or 4ptelo) and TRITC-conjugated
13q14.3 deletion (arm) probes from Cytocell. Cells were washed in 0.43
SSC at 72C for 2 min, and in 23 SSC with 0.05% Tween 20 at room temper-
ature (RT) for 30 s. DNA was stained with 0.2 mg/ml DAPI. Mitotic cells were
scored as having telomeres cohered if 50% or more of their loci appeared
as singlets, i.e., one out of two or two out of three. In U2OS cells stained
with 16ptelo 40% had one locus and 60% two loci; only cells with two
loci were scored.
Indirect Immunofluorescence
For staining lacO tags, lentivirally infected U2OS-lacO/GFPLacI cells were
fixed in 2%paraformaldehyde in PBS for 10min at room temperature (RT), per-
meabilized in 0.5% NP40/PBS buffer for 10 min at RT, blocked in 1% BSA in
PBS, and incubated with rabbit anti-GFP (1:500) (Abcam, 290). For staining
RAD51 foci, lentivirally infected U2OS cells were permeabilized in Triton
X-100 buffer (0.5% Triton X-100, 20 mM HEPES-KOH at pH 7.9, 50 mM
NaCl, 3 mM MgCl2, 300 mM sucrose) for 5 min at RT and fixed in 3% parafor-
maldehyde (in PBS, 2% sucrose) for 10 min at RT, followed by permeabiliza-
tion in Triton X-100 buffer for 10 min RT. Cells were blocked in 1% BSA/
PBS, followed by incubation with rabbit anti-RAD51 (4 mg/ml) (Santa Cruz
Biotechnology, 8349). Primary antibodies were detected with fluorescein iso-
thiocyanate-conjugated donkey anti-rabbit antibodies (1:100) (Jackson Labo-
ratories). DNA was stained with DAPI (0.2 mg/ml) to score micronuclei.
Image Acquisition
Images were acquired using a microscope (Axioplan 2; Carl Zeiss) with a Plan
Apochrome 633 NA 1.4 oil immersion lens (Carl Zeiss) and a digital camera
(C4742-95; Hamamatsu Photonics). Images were acquired and processed us-
ing Openlab software (Perkin Elmer).
Statistical Analysis
Statistical analysis was performed using Prism 6 software. Student’s unpaired
t test was applied. Data are shown as mean ± SEM or as mean ± SD; p < 0.05
values were considered significant.
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